Purpose of Review Primary central nervous system lymphoma (PCNSL) is an aggressive malignancy confined to the brain, spinal cord, leptomeninges, and eyes. Due to its rarity, there is a paucity of randomized trials and a varied approach to its management in the oncologic community. This review summarizes recent literature guiding current clinical practice. Recent Findings The presentation, work up, and management of PCNSL are discussed. Induction therapy incorporates a methotrexate-based chemotherapy regimen and is generally followed by a consolidation regimen including high dose chemotherapy (with or without autologous stem cell rescue). Whole brain radiation therapy (WBRT) is a potential additional consolidation strategy. Management of relapsed and refractory disease poses a special challenge due to poor outcomes. Immunotherapy and targeted treatments are promising novel strategies for recurrent/refractory patients. Summary Currently, there is little consensus in the management of PCNSL. Treatment recommendations should be tailored to the individual patient, with consideration for risk of neurotoxicity. New, exciting strategies are in development and when feasible, enrollment in a clinical trial should be considered.
Introduction
Primary central nervous system lymphoma (PCNSL) is an extra-nodal variant of non-Hodgkin lymphoma with disease limited to the brain, spinal cord, leptomeninges, or eyes, without evidence of systemic involvement. PCNSL is a highly aggressive but potentially curable malignancy, responsive to chemotherapy and radiation. While treatment response rates can be as high as 90%, relapses are frequent and prognosis after recurrence is poor. Approaches to this disease vary widely by institution and practitioner. Here, we will review the clinical presentation, work up, and general principles underlying the management of PCNSL.
Epidemiology and Outcomes
PCNSL is a rare malignancy with an incidence of 0.4-0.5 per 100,000 per year [1, 2] . Presently, it accounts for 4% of newly diagnosed brain tumors and 4% to 6% of all extranodal lymphomas [1] . While it can occur at any stage of adulthood, the median age of diagnosis is 65, and the incidence in the elderly population has been rising [3, 4] .
Two models have been developed to predict outcomes. The Memorial Sloan Kettering Cancer Center (MSKCC) prognostic model factors age and Karnofsky Performance Status (KPS) at diagnosis to predict median progression-free and overall survivals [5] . The International Extranodal Lymphoma Study Group (IELSG) identified age, Eastern Cooperative Oncology Group (ECOG) performance status, serum lactate dehydrogenase (LDH), cerebrospinal fluid (CSF) protein concentration, and presence of deep brain structure involvement as independent predictors of survival and developed a similar prediction model [6] . Treatment delay more than 30 days after diagnosis is also associated with a poorer prognosis [7] .
PCNSL can occur in the setting of immunosuppression (HIV/AIDS, congenital immunodeficiency, post-transplant immunosuppression) or in immunocompetent individuals.
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This review will focus on the presentation and management of immunocompetent patients.
Clinical Presentation
Diagnosis of PCNSL can require a high level of suspicion as clinical presentations are varying and dependent upon involved compartments. Focal neurologic deficits, resulting from involvement of the parenchyma or leptomeninges will prompt rapid imaging but are only seen in 70% of patients [8] . Up to 43% of individuals have behavioral or neuropsychiatric changes which are nonspecific and can lead to a delay in medical evaluation. Signs of elevated intracranial pressure (ICP) such as headache, nausea, and vomiting, are also common (33%). Fewer patients will present with seizures (14%), thought due to the relative sparing of the cortex. Visual symptoms at presentation are rare (4%) [8] despite the frequency of ocular involvement (20-25%) [9, 10] . Patients may complain of blurred vision, decreased acuity, or floaters; however, these symptoms are often subtle and asymptomatic ocular involvement is common. Ocular lymphoma resembles uveitis and may be misdiagnosed if visual complaints are the only clinical manifestation.
Diagnosis and Staging
Patients with symptoms concerning for PCNSL should undergo brain imaging. Magnetic resonance imaging (MRI) with and without contrast is the modality of choice. In patients who are unable to undergo MRI, a computed tomography (CT) scan with and without contrast is indicated. PCNSL can appear as a solitary lesion or multifocal disease. Lesions are often periventricular, involving the deep white matter, basal ganglia, or corpus callosum. Classically, the lesions are isodense to hyperdense on CT and isointense to hyperintense on T2 MRI sequencing (Fig. 1) . Lesions are homogeneously enhancing with a mild amount of edema and are often associated with DWI restriction abnormality [11] . It is not uncommon for PCNSL to be confused with a demyelinating process or even stroke. Rarely, PCNSL can present with leptomeningeal or ocular involvement alone so special attention should be paid to the leptomeninges and ventricular size. If suspicion warrants, a normal appearing MRI should not preclude CSF and ocular examinations.
Definitive diagnosis requires pathologic confirmation which often necessitates brain biopsy. Corticosteroids are lymphotoxic and can obscure pathology results [12, 13] . Their use can yield false negative results, delaying diagnosis and treatment. Corticosteroids should always be deferred until tissue is obtained except in cases of life-threatening mass effect and edema.
Leptomeningeal involvement is present in up to 20% of patients at the time of diagnosis [14] [15] [16] [17] and a lumbar puncture should be performed for staging when safe. Testing should include a cell count, measurements of protein and glucose concentrations, as well as cytology, flow cytometry and immunoglobulin heavy chain gene rearrangement. While lumbar puncture alone can be diagnostic, it is not generally advised to delay brain biopsy for results of CSF testing. A complete ophthalmologic evaluation, including slit lamp examination should always be performed even in the absence of visual symptoms. Diagnosis can be made via biopsy of the vitreous, retina, or choroid though again, we do not recommend delaying brain biopsy for these results.
While stereotactic biopsy is often required for diagnosis of PCNSL, further resection is rarely pursued. Lesions tend to involve deep brain structures and are often multifocal, making surgery impractical. Even when disease is isolated to a single focus on radiographic imaging, autopsy studies suggest tumor cells are infiltrative throughout the whole brain, indicating a surgical cure is not achievable [18] . Moreover, as PCNSL is highly sensitive to both chemo and radiation therapies, the potential for surgical morbidity is thought an unnecessary risk. In concordance with this, retrospective data have largely failed to demonstrate a survival benefit with surgical resection [8, 19, 20] .
This view has been recently called into question by a retrospective subset analysis of the German PCNSL Study Group-1 phase 3 trial which seemed to suggest patients undergoing subtotal or gross total resections had significantly prolonged progression-free survival (PFS) and overall survival (OS) compared to those who were biopsied [21] . When adjusted for number of lesions, improved PFS was maintained but OS benefit was no longer statistically significant. It is not our practice to recommend debulking surgery for these patients.
Once CNS lymphoma is confirmed, whole body staging should be completed to rule out systemic disease with secondary CNS involvement. As outlined by the International PCNSL Collaborative Group [22] , a whole body PET scan and bone marrow biopsy should be performed. If PET is unavailable, a CT chest, abdomen and pelvis with and without contrast can be obtained in conjunction with a testicular ultrasound in men. Routine laboratory evaluation should include a complete blood count, a metabolic panel with baseline liver function tests, serum LDH, and HIV testing.
Newly Diagnosed PCNSL
Treatment of PCNSL consists of induction therapy, with the goal of achieving a complete response (CR), followed by a consolidation regimen intended to eliminate remaining microscopic disease and maintain remission. Given the rarity of PCNSL and a paucity of phase 3 randomized clinical trials, there are different approaches to induction and consolidation regimens within the neuro-oncologic community. While it is generally agreed upon methotrexate (MTX) is the backbone of therapy, there is controversy surrounding the choice of additional chemotherapeutic agents, as well as the role for radiation therapy.
Until the early 1980s, whole brain radiation therapy (WBRT) was the mainstay of PCNSL treatment, resulting in dramatic radiographic and clinical improvement with 90% overall response rates (ORR) [23, 24] . Unfortunately, treatment with radiation alone is insufficient and long term control is poor, with OS of only 12-18 months [23, 24] . The addition of cyclophosphamide, doxorubicin, vincristine, and prednisone, agents used in the management of systemic lymphoma, did not confer a survival benefit, perhaps due to poor penetration of the blood brain barrier [25, 26] .
High dose MTX (HD-MTX) is now considered the backbone of multimodality therapy for PCNSL. MTX penetrates the blood brain barrier when administered at doses >1.5 mg/ m 2 as a rapid infusion [27, 28] . Single agent MTX (8 g/m 2 ) has proven efficacious with a 74% ORR [15] . In a randomized controlled trial, Ferreri et al. demonstrated improved response rates (69% vs 40%) and a longer PFS (18 vs 3 months) with the addition of cytarabine to MTX, arguing for efficacy of polychemotherapy, despite a higher rate of hematologic toxicity (92% vs 15%) [29] . A number of trials have investigated various combinations with MTX ( Table 1 ). The optimal dose of MTX is not agreed upon, with many regimens calling for . A retrospective analysis of 357 patients suggested a statistically significant survival benefit with regimens that include doses ≥ 3 mg/m 2 [30] . Current common practice is to incorporate rituximab, an anti-CD20 monoclonal antibody, into regimens containing MTX. Multiple retrospective trials have suggested improved outcome with its addition [50] [51] [52] [53] . Recently, IELSG32, a randomized study of 227 patients, investigated the addition of rituximab and/or thiotepa to a regimen of MTX and cytarabine [47•] . Highest response rates were seen in patients who received HD-MTX/cytarabine/rituximab (MATRix, 86%) as compared to HD-MTX/cytarabine/rituximab without thiotepa (73%) and HD-MTX/cytarabine alone (53%). The role of rituximab in particular, is being further investigated by an ongoing European trial randomizing patients to receive HD-MTX, teniposide, carmustine (BCNU), and prednisone (MVBP) with or without rituximab (HOVON/ALLG; EduraCT, No.2009-014722-42). In general, induction regimens differ based on geography and physician preference but common induction combinations include rituximab, HD-MTX, procarbazine, and vincristine (R-MPV); rituximab, HD-MTX, and temozolomide, (R-MT); MATRix; and R-MVBP.
Toxicity related to induction chemotherapy varies based on regimen. In general, HD-MTX is relatively well tolerated and safe to administer, even in older patients with medical comorbidities though impaired renal function (creatinine clearance < 30 mL/min) is a contra-indication. Common systemic toxicities include renal failure, hepatitis, and myelosuppression. Patients may complain of nausea, vomiting, diarrhea or headache. Treatment is administered concurrently with leucovorin "rescue" to prevent systemic organ damage. As leucovorin has poor blood brain barrier penetration, use does not impede efficacy of MTX in the CNS. Neurologic toxicity is less common but can consist of stroke-like symptoms, an acute or sub-acute encephalopathy, and long term, a delayed multifocal leukoencephalopathy. Rituximab is also well-tolerated though can be associated with severe infusion reactions and bears the risk of reactivation of viral hepatitis. We therefore recommend hepatitis serologies on all patients prior to treatment. If past exposure is documented, patients can be prophylaxed with anti-viral agents.
There is a lack of consensus regarding the current role for WBRT. Long term survivors may develop radiation-related neurotoxicity which can manifest as cognitive decline, gait imbalance, and incontinence. Toxicity is thought to be higher in patients who also receive treatment with chemotherapy, particularly HD-MTX, and in those who received standard doses of WBRT (>42Gy) [54] . While the exact mechanism of decline is unclear, autopsy studies revealed white matter damage with gliosis, vessel thickening, and demyelination [55] . In an effort to reduce neurotoxicity, studies began to reduce the dose of WBRT or defer in favor of consolidation with high-dose chemotherapy.
Our institution conducted a single center phase 2 study of R-MVP followed by cytarabine and reduced-dose WBRT (23.4 Gy) for patients in whom a CR was achieved. Patients who completed the regimen had a median PFS of 7.7 years and a 3-year OS of 87%. Neuropsychological testing scores were stable at 48 months of follow up [43] . Based on these results RTOG is conducting a randomized phase 2 trial of this approach (NCT01399372). A similar phase 2 trial investigated treatment with R-MT followed by hyperfractionated WBRT (36 Gy) and ten months of maintenance temozolomide. This study similarly found no change in cognitive testing though longer follow up is needed [46•] .
The only one phase 3 randomized study in PCNSL attempted to address the ongoing need for WBRT. All patients received HD-MTX with or without ifosfamide. Patients who achieved a CR were then randomized to receive 45 Gy WBRT or observation alone while those who did not achieve a CR were randomized to receive 45 Gy WBRT or cytarabine. The study did not meet its endpoint though revealed some notable findings. There was 34% noncompliance in the WBRT arm, as compared to complete compliance in the chemotherapy arm. While PFS was longer in patients who received WBRT (18 mo vs 12 mo) there was no statistically significant difference in OS (32.4 mo vs 37.1 mo). As expected neuro-toxicity rates were significantly higher in groups receiving WBRT (49% vs 26%) [17] . Increasingly, WBRT is omitted from treatment regimens in favor of chemotherapy consolidation. The multicenter Cancer and Leukemia Group B (CALGB) study 50,202 treated patients with R-MT followed by consolidation with high-dose etoposide and cytarabine. Results were comparable to those achieved with chemoradiation with an ORR of 72% and a median PFS of 48 months [7] . More aggressive myeloablative chemotherapy regimens followed by autologous stem cell transplant rescue (HCD-ASCT) are available to younger patients with few medical comorbidities. Theoretically, increased chemotherapy doses offer better penetration of the blood brain barrier and increased drug concentrations in the CNS. There are different approaches to conditioning regimens though thiotepa-based treatments appear to have better clinical results than the commonly used regimens of BCNU, etoposide, cytarabine, melphalan (BEAM) or cyclophosphamide, etoposide, and BCNU (CBV) [38, 41, 56] . Two recent studies -one utilizing R-MPV induction therapy [44•] , and the other HD-MTX, thiotepa, and cytarabine [48•] , both demonstrated high ORR (>90%) and prolonged PFS (>74 mo) with HDC-ASCT.
Site-Specific Therapy
The role of intrathecal (IT) chemotherapy for PCNSL is unclear. Several retrospective studies did not demonstrate improved survival with its use [57] [58] [59] . However, a small single arm phase 2 study suggested higher rates of relapse when IT therapy was omitted [60] . Choice of IT agent varies between practitioners with some giving rituximab and others methotrexate. Less often, IT cytarabine may be used. IT delivery can occur via lumbar puncture or intraventricularly via an Ommaya catheter. To avoid toxicity, there should be unobstructed CSF flow through the ventricular system. Thus, IT chemotherapy should be deferred in cases of bulky leptomeningeal disease or in patients with elevated intracranial pressure. In general, systemic MTX doses>3 g/m 2 are thought to penetrate the CSF raising the question of need for IT chemotherapy.
The eyes are often considered a reservoir in PCNSL though experience with ocular-directed therapy is limited to retrospective data. While some studies suggest higher rates of intraocular failure when site-directed therapy is deferred [61] , there is evidence that micromolar concentrations of MTX are detected in the eye after infusion of high doses (8 g/m 2 ) [62] and other studies did not demonstrate a difference in overall survival with ocular therapy [63] . Site directed therapy can consist of ocular radiation or intravitreal methotrexate or rituximab. While practices vary, it is our practice to defer local therapy to the time of relapse.
Treatment of Refractory and Relapsed Disease
Though initial response rates to treatment are high, 10-15% of cases remain refractory to upfront therapy. In those who do respond, relapse is common, seen in up to 50% of patients [64] . The median time to relapse is 10 to 18 months, with most cases occurring in the first 2 years, though relapses up to 15 years after diagnosis have been described [64, 65] . Prognosis in these cases is poor with an estimated overall survival of 3.7 months for relapsed patients and 2 months for those with primary refractory disease [66] . Restaging, including complete neuroaxis imaging, lumbar puncture, and ophthalmologic exam should be performed at the time of relapse. We also recommend repeating a body PET as up to 10% of PCNSL can relapse systemically [64] .
There is no standard approach to patients with relapsed or refractory disease and there are currently no randomized trials in this patient population. Choice of therapeutic agent depends on age, performance status, prior treatments and response, and medical comorbidities. Rechallenge with MTX-based therapy is reasonable, particularly for those with initial durable benefit to MTX and has led to response rates of 85 to 91% with a median OS of 41 to 62 months [67, 68] . Prospective trials using other chemotherapeutic agents including pemetrexed, topotecan, temozolomide, and rituximab have all been performed and demonstrated an ORR of 31-55% with PFS of 1.6 to 5.7 months [69] [70] [71] [72] [73] .
In patients for whom it is in an option, HDC-ASCT is promising at time of relapse. A French prospective multicenter study treated patients with refractory and recurrent PCNSL with high-dose cytarabine and etoposide (CYVE) followed by HDC-ASCT. Only 47% of patients responded to CYVE (20) of which 75% of patients proceeded to HDC-ASCT. An additional 12 patients who did not have radiographic response to induction CYVE also underwent HDC-ASCT. All but one of 27 total patients had a CR after transplant with median PFS and OS 41.4 and 58.6 months, respectively [74, 75] . In patients naïve to radiation in whom HDC-ASCT is not an option, WBRT remains an effective treatment strategy. Retrospective studies in recurrent disease suggest a ORR of 74 to 79% and median OS of 10-16 months, suggesting efficacy similar to use in upfront treatment [76, 77] . Unfortunately, neurocognitive impairment remains a concern.
A number of novel strategies are being investigated in the treatment of relapsed PCNSL including immunotherapy and targeted therapies. PD-1 ligand deregulation and overexpression is seen in >50% of these tumors [78] leading to the investigation of PD-1 antibodies such as pembrolizumab and nivolumab. In a small study, four patients with relapsed or refractory disease received nivolumab. All four patients responded with PFS ranging 14 to 17 months and two patients remained without disease at 13 and 17 months [79•] . Currently, phase 2 trials of PD-1 blockade are ongoing (NCT02857426 and NCT02779101). Another promising therapeutic is lenalidomide, an agent with activity in systemic lymphoma that recently demonstrated an ORR of 67% in combination with rituximab [80] .
Increased understanding of the pathophysiology of this disease has led to the investigation of targeted therapies, a relatively new strategy. The first targeted agent was the mammalian target of rapamycin inhibitor temsirolimus, studied in a German multicenter phase 2 trial. Response rates were relatively high at 54% but unfortunately were not durable (PFS 2.1 months) suggesting development of drug resistance [81•] .
Bruton tyrosine kinase (BTK) is a central signaling node in the B-cell receptor (BCR) pathway. Frequent mutations affecting the BCR have been found in PCNSL [82•] . Ibrutinib is a BTK inhibitor and has been shown to induce significant responses (77%) in recurrent PCNSL [82•] . Ibrutinib was detectable in CSF at a concentration sufficient to induce cell death in lymphoma cell lines [82•, 83•] . Moreover, a recent phase 1 trial incorporated ibrutinib with temozolomide, etoposide, liposomal doxorubicin, dexamethasone, and rituximab (DA-TEDDI-R) for treatment of both relapsed/ refractory and newly diagnosed PCNSL. Patients received two weeks of single agent ibrutinib prior to starting the additional chemotherapeutic agents. During the ibrutinib monotherapy window, 94% of patients had a radiographic response, with 86% achieving CR before completion of study [83•] . Unfortunately, a serious and sometimes fatal complication of pulmonary or cerebral aspergillosis was seen in this trial and caution should be used when ibrutinib is given in PCNSL patients with chronic corticosteroid use or immunosuppressed status as seen after multiple chemotherapy treatments.
Elderly Patients
While there is no standard definition of the term "elderly," more than half of patients with PCNSL are aged 60 and greater. The optimal management in these patients is not well defined and this population poses a particular set of challenges given their medical comorbidities and increased risk of neurologic toxicity. Moreover, these patients do not seem to have as strong or durable of a response to therapy. A post-hoc analysis of patients aged 70 and older was performed in the G-PCNSL-SG-1 trial, evaluating HD-MTX with our without WBRT [17] . Older patients had a slightly lower ORR (44% vs 57%) with shorter OS (12.5 vs 26.2 mo). Interestingly in all patients who achieved CR, PFS was much shorter in those aged 70 and older (16.1 vs 35.0 mo) [84] , suggesting poorer outcomes in this population regardless of initial response to treatment.
While age is an independent predictor of survival [5, 6] , a systematic review of 783 patients aged 60 and older demonstrated KPS to be a stronger predictor [85] . A majority of patients in this series (73%) were treated with HD-MTX, which was associated with improved OS. There was no survival difference between groups who received HD-MTX plus oral alkylating chemotherapy and those receiving more aggressive HD-MTX based regimens. This is in contrast to a prospective multicenter study in elderly patients comparing HD-MTX and temozolomide to a regimen of HD-MTX, procarbazine, vincristine, and cytarabine. The study suggested a trend towards improvement in ORR (82% vs 71%) and overall survival (31 mo vs 14 mo) with the more aggressive regimen, though results were not statistically significant [45•] .
Once response is achieved, there is no consensus regarding consolidation therapy in this population. WBRT is associated with a high risk of neurologic toxicity in the elderly [34, [85] [86] [87] and should be avoided. HDC-ASCT has traditionally been reserved for younger patients though one prospective study included patients up to age 72 [44•] and retrospective data supports its use to age 77 [88] , suggesting KPS is a more important consideration when determining eligibility. At the other end of the spectrum, many argue against any consolidation regimen in elderly patients who achieve CR.
Post-Treatment Monitoring
PCNSL has a high rate of recurrence. While a majority of relapses occur in the first two years after diagnosis, late relapses have been described. National Comprehensive Cancer Network (NCCN) guidelines recommend surveillance brain imaging every three months for the first two years after treatment, then every six months [89] . After five years, MRIs can be annual but should continue indefinitely. Surveillance spine MRI and CSF sampling should be considered for patients with spinal and leptomeningeal disease. Patients with documented ocular involvement should undergo routine ophthalmologic exams.
Conclusions
While PCNSL is an aggressive malignancy, treatment has evolved in the last 40 years and survival outcomes have improved in most patient groups [2] . There is also a focus on minimizing toxicity and morbidity associated with therapy. Though exact treatment differs by institution and practitioner, a rituximab/MTX-based induction therapy should be used as first-line treatment. Recommendations regarding consolidation may be more variable and should take into consideration the individual patient. Promising new developments are emerging with the optimization of HDC-ASCT and the introduction of immunotherapy as well as agents targeted in BCR pathway. Enrollment in clinical trials should be encouraged when available. 
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